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Summary
All eukaryotes have three nuclear DNA-dependent
RNA polymerases, namely, Pol I, II, and III. Interest-
ingly, plants have catalytic subunits for a fourth
nuclear polymerase, Pol IV. Genetic and biochemical
evidence indicates that Pol IV does not functionally
overlap with Pol I, II, or III and is nonessential for via-
bility. However, disruption of the Pol IV catalytic sub-
unit genes NRPD1 or NRPD2 inhibits heterochroma-
tin association into chromocenters, coincident with
losses in cytosine methylation at pericentromeric 5S
gene clusters and AtSN1 retroelements. Loss of CG,
CNG, and CNN methylation in Pol IV mutants impli-
cates a partnership between Pol IV and the methyl-
transferase responsible for RNA-directed de novo
methylation. Consistent with this hypothesis, 5S gene
and AtSN1 siRNAs are essentially eliminated in Pol IV
mutants. The data suggest that Pol IV helps produce
siRNAs that target de novo cytosine methylation
events required for facultative heterochromatin for-
mation and higher-order heterochromatin associa-
tions.
Introduction
In eukaryotes, three nuclear DNA-dependent RNA poly-
merases (RNAPs) transcribe genomic DNA into RNA.
RNA polymerase I (Pol I) transcribes the ribosomal RNA
(rRNA) genes clustered at nucleolus organizer regions
(Grummt, 2003); RNA polymerase II (Pol II) transcribes
the vast majority of genes, including protein-coding
genes (Woychik and Hampsey, 2002), and RNA poly-
merase III (Pol III) transcribes genes encoding short*Correspondence: pikaard@biology.wustl.edu
4 These authors contributed equally to this work.(<400 nt) structural RNAs that include tRNAs and 5S
rRNA (Schramm and Hernandez, 2002).
RNA polymerases I, II, and III are composed of 12–
17 proteins, including subunits sharing sequence and
structural homology with the eubacterial RNA polymer-
ase subunits β#, β, αI, αII, and ω (Archambault and Frie-
sen, 1993; Cramer et al., 2001; Zhang et al., 1999). RNA
Pol I, II, and III (designated RPA, RPB, and RPC in yeast
and N [nuclear] RPA, NRPB, and NRPC in Arabidopsis)
largest subunits are homologous to eubacterial β# and
are encoded by different genes, (N)RPA1, (N)RPB1, and
(N)RPC1. Likewise, the second-largest subunits of Pol
I, II, and III are β homologs encoded by (N)RPA2,
(N)RPB2, and (N)RPC2. Together, the largest and sec-
ond-largest subunits form the catalytic center in which
RNA synthesis occurs (Cramer et al., 2000; Zhang et
al., 1999), with αI, αII, and ω serving regulatory or as-
sembly functions.
Surprisingly, analysis of the Arabidopsis thaliana ge-
nome sequence revealed evidence for a fourth class of
RNA polymerase in addition to Pol I, II, and III (CSP
and Jonathan Eisen, discussed in Arabidopsis Genome
Initiative [2000]). Specifically, two class IV largest and
second-largest subunit genes were predicted, implying
the existence of a nuclear RNA polymerase IV (Pol IV)
distinct from eubacterial-type RNAPs of chloroplasts,
from mitochondrial polymerase, or from RNA-depen-
dent RNA polymerases (RdRP).
Here, we present evidence that RNA Pol IV is located
within the nucleus and plays a role in heterochromatin
formation. Dispersal of chromocenters in Pol IV mu-
tants is correlated with the loss of cytosine methylation
from pericentromeric 5S gene clusters and AtSN1 re-
troelements. By contrast, methylation of constitutively
heterochromatic 180 bp centromere core repeats is not
appreciably affected in Pol IV mutants. We propose that
Pol IV is required for the production of siRNAs that di-
rect de novo methylation of repetitive elements that are
subject to facultative heterochromatin formation, thereby
facilitating higher-order heterochromatin associations.
Results
Genes for RNA Pol IV
An unrooted phylogenetic tree of DNA-dependent RNA
polymerase (RNAP) largest subunits (Figure 1A) reveals
distinct clades for eubacteria, cyanobacteria and chlo-
roplasts, archaea, DNA viruses, and eukaryotic RNA
polymerases I (RPA1), II (RPB1), and III (RPC1). Arabi-
dopsis thaliana (At) Pol I, II, and III largest subunits
group with their orthologs from rice (Os), yeast (Sp and
Sc), C. elegans (Ce), Drosophila (Dm), and human (Hs).
Unlike other eukaryotes, Arabidopsis and rice have ad-
ditional genes (NRPD1a and b) that form a clade for a
putative Pol IV.
An unrooted tree of RNAP second-largest subunits
resembles the tree for the largest subunits (Figure 1B).
Again, in addition to clades for RPA2 (Pol I), RPB2 (Pol
II), and RPC2 (Pol III), a plant-specific NRPD2 (Pol IV)
Cell
614Figure 1. Evidence for RNA Pol IV in Plants
(A and B) Unrooted neighbor-joining phylogenies based on conserved domains A, C, D, and F of DNA-dependent RNA polymerase largest
subunits and conserved domains A, C, D, F, G, H, and I of DNA-dependent RNA polymerase second-largest subunits. Bootstrap values are
given for branch nodes. Species designations and GenBank accession numbers for the sequences analyzed are provided in Tables S1 and S2.
(C) Diagrams of T-DNA-disrupted nrpd2 and nrpd1 alleles. Exons are denoted by black rectangles.
(D) Immunoblot showing no detectable NRPD2 protein in two nrpd2a-2 mutant individuals, unlike their wild-type siblings. A control immu-
noblot utilized an antibody raised against a peptide conserved in Pol I, II, and III second-largest subunits.
(E) NRPD2 localizes to the nucleus. On the left is a wild-type interphase nucleus showing immunolocalization of NRPD2 relative to ten DAPI-
positive chromocenters. On the right is a homozygous nrpd2a-1 nrpd2b-1 nucleus. The dark, DAPI-negative region is the nucleolus. The wild-
type and mutant plants were progeny of homozygous siblings. The size bar corresponds to 5 m.
Arabidopsis pol IV subunit names are abbreviated from NRPD to RPD in this and all subsequent figures.
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615clade exists. In both Arabidopsis and rice, there are two
NRPD2 genes (NRPD2a and NRPD2b) that were appa-
rently duplicated after monocots and dicots diverged.
Multiple alignments revealed that NRPD2 proteins
closely resemble their Pol I–III homologs, whereas
NRPD1 sequences frequently lack amino acids that are
invariant in Pol I–III largest subunits, including amino
acids near the active site (see Figures S1–S4 in the
Supplemental Data available with this article online).
Therefore, we focused our studies on NRPD2 but also
subjected nrpd1a mutants to a subset of the same as-
says. NRPD1b was ignored because existing annota-
tion suggested that this gene lacks essential C-ter-
minal domains.
Only NRPD2a appears to be expressed in Arabidop-
sis, based on existing EST (cDNA) sequences and by
our inability to amplify NRPD2b RNA using RT-PCR or
5# RACE. By contrast, NRPD2a sequences were readily
amplified by PCR and by primer extension (Figure S5)
to yield a full-length mRNA sequence (GenBank acces-
sion number AY862891).
Salk lines 046208, 109513, and 095689 contain the
T-DNA-disrupted mutant alleles nrpd2a-2, nrpd2a-3,
and nrpd2a-1, respectively. Salk lines 008535 and
128428 contain the nrpd2b-1 and nrpd1a-3 alleles (Fig-
ure 1C). Plants homozygous for these alleles were iden-
tified by PCR or Southern blot analysis of segregating
families. The nrpd2a and nrpd1a alleles are all reces-
sive and cause equivalent molecular phenotypes (data
below and data not shown).
NRPD2 Expression and Nuclear Localization
RNA and protein blot analyses showed that NRPD2a
is expressed throughout the plant but is most highly
expressed in flowers and roots (data not shown). In ho-
mozygous nrpd2a-2 mutants, no NRPD2 protein is de-
tectable (Figure 1D), indicating that nrpd2a-2 is a null
allele. Immunolocalization of NRPD2 showed it to be a
nuclear protein that is concentrated in numerous dis-
tinct foci (Figure 1E). Examination of 56 interphase nu-
clei revealed 10–15 NRPD2 signals in 71% of the nuclei
and fewer than ten signals in 29% of the nuclei. In the
nucleus shown, there are ten prominent DAPI-positive
heterochromatic chromocenters, which are made up of
centromeric repeats for the ten chromosomes, dis-
persed pericentromeric repeats, and four NORs (nucle-
olus organizer regions) (Fransz et al., 2002). Approxi-
mately 15 NRPD2 signals of varying size are apparent
in Figure 1E, five of which are located at chromocenters
and five of which are at the edges of chromocenters.
Similar association of NRPD2 with chromocenters was
observed in all nuclei.
Genetic Analysis of NRPD Mutants
To rule out any possible functional redundancy of
NRPD2a and NRPD2b, we generated lines homozygous
for both the nrpd2a-2 and nrpd2b-1 alleles, which was
laborious, because the genes are linked (w10 cM genetic
distance). We first crossed nrpd2a-2 and nrpd2b-1 ho-
mozygotes to generate F1 individuals that were hemi-
zygous for each allele. The F1 was then outcrossed
with a wild-type plant such that all resulting progeny
had a wild-type chromosome 3 and either an nrpd2a-2or an nrpd2b-1 allele but not both, unless a meiotic
recombination event occurred between the two genes.
We then identified the latter rare recombinants that had
one wild-type chromosome 3 and one chromosome 3
bearing both the nrpd2a-2 and nrpd2b-1 alleles, allowed
these to self-fertilize, and genotyped their progeny. Plants
homozygous for both nrpd2a -2 and nrpd2b-1 (referred
to as nrpd2 double mutants or simply nrpd2 in the re-
mainder of the paper) were recovered, demonstrating
that NRPD2 is nonessential for viability. Siblings that
were homozygous for the wild-type NRPD2 gene were
also identified and used as controls in subsequent as-
says. This genetic strategy is likely to have segregated
away any potential T-DNAs unlinked to NRPD2, but, if
such T-DNAs persist, they are as likely in the wild-type
control plants as in their double mutant siblings.
We tested whether NRPD2 might be functionally re-
dundant with the NRPA2, NRPB2, or NRPC2 subunits
of Pol I–III by asking if any of these subunits were nones-
sential. We identified hemizygous individuals bearing
T-DNA insertions in NRPA2, NRPB2, or NRPC2 and ge-
notyped 60–80 of their progeny. Only homozygous wild-
type and hemizygous progeny were obtained; no ho-
mozygous mutants were recovered (data not shown).
These results indicate that NRPA2, NRPB2, and NRPC2
are essential genes, unlike NRPD2a and NRPD2b, and
that NRPD2 genes do not complement nrpa2, nrpb2, or
nrpc2 mutations. The nrpd2 double mutation also failed
to induce haploinsufficiency in plants hemizygous for
nrpa2, nrpb2, or nrpc2 mutations, consistent with the
interpretation that NRPD2 does not overlap functionally
with Pol I, II, or III.
NRPD2 Does Not Copurify with DNA-Dependent
RNA Polymerases I–III
Among Arabidopsis RNAP second-largest subunits,
NRPD2 is most similar to NRPB2 (Figure 2A). Therefore,
we asked if NRPD2 copurified with RNA Pol II activity,
as might be expected if NRPD2 is an alternative Pol
II subunit. Nuclear extract was fractionated by anion
exchange chromatography, and fractions were tested
for DNA-dependent RNA polymerase activity (Figure
2B) and for the presence of NRPD2, NRPB2, or a 24
kDa polymerase subunit (RPB5) that is shared by Pol I,
II, and III (Larkin et al., 1999; Saez-Vasquez and Pi-
kaard, 2000).
The DNA-dependent RNA polymerase assay mea-
sures the incorporation of radioactive nucleotide tri-
phosphates into RNA using sheared template DNA,
which allows polymerase initiation from broken DNA
ends in a promoter-independent fashion (Schwartz and
Roeder, 1974). Duplicate reactions were performed with
and without α-amanitin, a potent inhibitor of RNA Pol
II, and mean values were plotted (Figure 2B). Compari-
son of the RNA polymerase activity profiles reveals a
peak of activity that is inhibited by α-amanitin (fractions
29–37), indicative of Pol II (Figure 2B). As expected,
NRPB2 eluted in these fractions (Figure 2C). By con-
trast, NRPD2 eluted in fractions 15–18, suggesting that
NRPD2 is not an alternative Pol II subunit. Immunoblot-
ting of column fractions using an antibody against the
24 kDa subunit that is shared by Pol I, II, and III revealed
a good correspondence between the presence of the
Cell
616Figure 2. NRPD2 Does Not Cofractionate with Pol II or with DNA-Dependent RNA Polymerase Activity
(A) Neighbor-joining tree (with bootstrap values based on 1000 replications) for second-largest subunits of Arabidopsis chloroplast RNAP and
RNA polymerases I, II, and III. The E. coli RpoB subunit serves as the outgroup.
(B) Fractionation of DNA-dependent RNA polymerase activity by DEAE-Sepharose chromatography. Fractions eluted with a linear KCl gradient
were tested for RNA polymerase activity both with and without α-amanitin.
(C) Immunoblot detection of NRPD2, NRPB2, and NRPB5 in fractions eluted from the DEAE column.
Arabidopsis pol IV subunit names are abbreviated from NRPD to RPD in this and all subsequent figures.24 kDa subunit and RNAP activity. Surprisingly, the i
Hpeak fractions for NRPD2a displayed no detectable
RNAP activity. We conclude that NRPD2 is not an alter- n
snative subunit of a conventional DNA-dependent RNA
polymerase.
t
aHeterochromatin Association Is Impaired
in nrpd2 Mutants o
aIn nrpd2 mutants, we noted an increased number and
decreased size of DAPI-positive heterochromatic foci N
(in interphase nuclei relative to wild-type siblings (Figure
1E), prompting further investigation. Histone H3 di- a
fmethylated on lysine 9 (H3dimethylK9) is a marker of het-
erochromatin (Richards and Elgin, 2002) that colocal- azes with chromocenters in wild-type nuclei (Figure 3A).
owever, in nrpd2 mutant siblings, the H3dimethylK9 sig-
als are dispersed and colocalize with the numerous,
mall DAPI-positive foci (Figure 3A; Table S3).
Chromocenters involving NORs are relatively resis-
ant to dispersal (Figure 3B). It is noteworthy that there
re four NORs in a diploid nucleus, located at the tips
f chromosomes 2 and 4. However, 36% of wild-type
nd 19% of nrpd2 interphase nuclei show only two
OR fluorescence in situ hybridization (FISH) signals
as in Figure 3B) due to association of pairs of NORs
nd their linked centromeres. Nuclei with either three or
our NOR FISH signals are also observed in wild-type
nd nrpd2 mutants, but only nrpd2 mutants frequently
Nuclear RNA Polymerase IV
617Figure 3. Heterochromatin Is Disrupted in nrpd2 Mutants
(A) Immunolocalization of histone H3 dimethylated on lysine 9 in interphase cells of wild-type and the nrpd2a-2 nrpd2b-1 mutant. Chromatin
was counterstained with DAPI.
(B) Chromocenters containing NORs are relatively resistant to dispersal in nrpd2a-2 nrpd2b-1 mutants. Centromeres and NORs (45S rRNA
gene loci) were detected by FISH. Chromatin was counterstained with DAPI.
(C) 5S gene loci become decondensed and dissociated from centromeres in nrpd2a-2 nrpd2b-1double mutants. 5S genes and centromeres
were detected by FISH. Wild-type and mutant plants were progeny of homozygous siblings. Size bars in all panels correspond to 5 m.
Arabidopsis pol IV subunit names are abbreviated from NRPD to RPD in this and all subsequent figures.(23%) show >4 NOR signals (Table S3), presumably due
to dissociation of facultative heterochromatin subdo-
mains of the w4 Mbp NORs.
5S rRNA gene repeats are tandemly arranged in peri-centromeric regions of chromosomes 3, 4, and 5 in
Arabidopsis ecotype Col-0 such that dual FISH typi-
cally reveals substantial overlap of 5S and 180 bp cen-
tromere repeat signals in wild-type cells (Figure 3C).
Cell
618However, in nrpd2 double mutant siblings, the 5S genes d
Iare typically decondensed and show significantly less
(p = 0.0012) colocalization with centromeres, consistent f
mwith the interpretation that pericentromeric facultative
heterochromatin is dispersed away from the constitu- t
stively heterochromatic centromeres (see Table S3 for
quantitation). e
a
pPol IV Participates in the siRNA-Chromatin
aModification Pathway
cHeterochromatin disruption and 5S gene dispersal in
cPol IV mutants suggested a possible loss of cytosine
tmethylation (Soppe et al., 2002). To determine if nrpd2
dor nrpd1a mutants affect 5S gene cytosine methylation,
iwe performed Southern blotting using methylation-sen-
msitive restriction endonucleases. HpaII and MspI cut
mCCGG motifs, but HpaII will not cut if the inner C is
Cmethylated, and MspI will not cut if the outer C is meth-
sylated (McClelland et al., 1994). HaeIII recognizes
aGGCC but won’t cut if the inner C is methylated. Diges-
dtion of 5S genes with these three enzymes reports on
amethylation at CG (HpaII), CNG (MspI), and CNN (in the
cecotype Col-0, the 5S HaeIII site is a CNN site). The
mSouthern blots reveal ladders of bands at w500 bp in-
ntervals (Figure 4A), the size of a 5S gene repeat (Cam-
lpell et al., 1992). High levels of methylation cause most
5of the hybridization signal to be near the top of the lad-
mder, whereas loss of methylation results in more signal
mnear the bottom.
n5S gene methylation at HpaII, MspI, and HaeIII sites
tis decreased in nrpd1a-3 and nrpd2 mutants (Figure 4A,
lanes 3, 5, 18, 20, 22, and 24) relative to their wild-type
tsiblings (lanes 2, 4, 19, 21, 23, and 25), with HaeIII di-
1gestion showing the largest effect. Comparison of
(nrpd1 and nrpd2 to the DNA methylation mutants
pddm1, met1, cmt3, and drm1drm2 showed that HpaII
digestion of 5S genes in nrpd1 and nrpd2 mutants oc-
curred to the same extent as in a drm1drm2 double D
mutant (compare lanes 3, 5, and 6) but to a lesser ex-
tent than in a ddm1 (lane 10) or met1 (lane 11) mutant. L
cDRM2 is responsible for de novo methylation in all se-
quence contexts (CG, CNG, and CNN); DDM1 is in- A
cvolved in maintenance of methylation in all sequence
contexts, and MET1 is primarily responsible for mainte- s
cnance of CG methylation (reviewed in Bender [2004]).
DRM1 has no known function. CMT3 is primarily re- c
osponsible for maintenance of CNG methylation, so a
CMT3 mutant has little effect on HpaII digestion (lane f
P7) but has a profound effect on MspI digestion (lane
16). Collectively, the results indicate that Pol IV affects e
a5S gene methylation in all sequence contexts (CG,
CNG, and CNN). Interestingly, the highly methylated i
y180 bp centromere repeats are unaffected by nrpd1
and nrpd2 mutations (Figure 4B), suggesting that Pol (
IV does not affect global cytosine methylation levels
but acts on only a subset of methylated genomic se- m
dquences.
Methylation of AtSN1, a well-characterized retroele- i
mment family (Hamilton et al., 2002; Xie et al., 2004), was
assayed using HaeIII digestion followed by PCR (Figure s
m4C) (Hamilton et al., 2002). If HaeIII sites are methylated,
the DNA is not cut and can be amplified. However, if c
pCNN methylation is lost at any of three HaeIII sites (seeiagram), HaeIII digestion precludes PCR amplification.
n wild-type Col-0, Ler, or Ws (the genetic backgrounds
or the mutants tested), AtSN1 elements are heavily
ethylated and resistant to HaeIII cleavage. Methyla-
ion is unaffected by met1 or cmt3 mutants but is sub-
tantially reduced in a drm1 drm2 double mutant, as
xpected for CNN methylation. HaeIII methylation is
lso disrupted in mutants of the heterochromatic siRNA
athway, including rdr2 (RNA-dependent RNA polymer-
se 2), hen1 (Hua enhancer 1), or dcl3 (Dicer-like 3),
onsistent with published results (Xie et al., 2004). By
ontrast, AtSN1 methylation is not diminished in a mu-
ant of DCL1, the dicer responsible for miRNA pro-
uction. Importantly, AtSN1 methylation is also reduced
n both nrpd1 and nrpd2 mutants. The loss of AtSN1
ethylation in both siRNA pathway mutants and nrpd
utants suggests that Pol IV might also affect siRNAs.
onsistent with this hypothesis, 5S gene and AtSN1
iRNAs are significantly reduced or eliminated in nrpd2
nd nrpd1 mutants (Figures 4D and 4E) as in hen1, rdr2,
rm, or ago4 mutants, confirming prior studies (Herr et
l., 2005; Xie et al., 2004; Zilberman et al., 2004). By
ontrast, mutations of the RNA-dependent RNA poly-
erases rdr1 or rdr6 (sgs2, also known as sde1) had
o effect, though rdr6 is known to function in RNA si-
encing of transgenes (Baulcombe, 2004). Interestingly,
S siRNA levels were actually increased in ddm1 and
et1 mutants (Figure 4D), indicating that disrupted
aintenance of cytosine methylation is not the expla-
ation for loss of 5S siRNAs in nrpd1 and nrpd2 mu-
ants.
Importantly, miRNA levels are unaffected in nrpd mu-
ants, as shown by comparison of miR163, 159, 164,
71, and 172 levels in mutant and wild-type siblings
Figure 4F), indicating that Pol IV acts only in the siRNA
athway and not in the miRNA pathway.
iscussion
oss of NRPD1 or NRPD2 function causes the loss of
ytosine methylation at pericentromeric 5S genes and
tSN1 retroelements yet has no discernible effect on
entromere repeat methylation. These observations
uggest that Pol IV primarily affects facultative hetero-
hromatin rather than constitutive heterochromatin,
onsistent with the localization of NRPD2 at foci that
verlap or are adjacent to chromocenters but are not
ully coincident with chromocenters. We propose that
ol IV acts on genes that cycle between decondensed,
uchromatic states and condensed, chromocenter-
ssociated heterochromatic states, playing a key role
n the amplification of siRNAs that direct cytosine meth-
lation to these genes when they become activated
Aufsatz et al., 2002; Wassenegger, 2000).
Interestingly, the total amount of H3dimethylK9, a reliable
arker of heterochromatin, does not appear to be re-
uced in Pol IV mutant nuclei. Instead, the H3dimethylK9
s simply dispersed into a larger number of heterochro-
atic foci. Collectively, these data, combined with data
howing disruption of chromocenters in ddm1 and
et1 mutants (Soppe et al., 2002), suggest that loss of
ytosine methylation from either pericentromeric re-
eats or centromeric repeats is sufficient to disrupt
Nuclear RNA Polymerase IV
619Figure 4. NRPD1 and NRPD2 Are Required for 5S Gene and AtSN1 Cytosine Methylation and siRNA Accumulation
(A) Analysis of 5S gene repeats in nrpd1a-3 and nrpd2a-2 nrpd2b-1 double mutants relative to wild-type siblings and methylation mutants.
Genomic DNA digested with HpaII, MspI, or HaeIII was hybridized to a 5S gene probe. nrpd1, nrpd2, ddm1, and met1 mutants are in the Col-
0 genetic background; drm1drm2 and cmt3 are in the WS background.
(B) Methylation of 180 bp centromere repeats is apparently unaffected in nrpd1 and nrpd2 mutants relative to wild-type siblings.
(C) nrpd1 and nrpd2 mutations cause decreased AtSN1 cytosine methylation. PCR was used to amplify a portion of an AtSN1 retroelement
that includes three HaeIII sites. Undigested DNA and a gene lacking HaeIII sites served as PCR controls.
(D) 5S siRNAs in nrpd1, nrpd2, and mutants affecting siRNA production. Small RNA blots were probed for 5S siRNA sequences. Ethidium-
stained gel bands serve as loading controls. The hdt1 mutant is an ecotype Col-0 line with a T-DNA insertion in a nucleolar histone deacety-
lase; it serves as a T-DNA control in the blot at far right.
(E) AtSN1 siRNAs are reduced or eliminated in nrpd1 and nrpd2 mutants.
(F) miRNAs 159, 163, 164, and 171 are unaffected in nrpd1 and nrpd2 mutants.
Arabidopsis pol IV subunit names are abbreviated from NRPD to RPD in this and all subsequent figures.higher-order heterochromatin association into chro-
mocenters. One possibility is that methylcytosine bind-
ing domain proteins and/or their associated proteins
might act as linkers or bridges that help bring together
dispersed heterochromatin domains.
At 5S genes, Pol IV affects cytosine methylation in all
sequence contexts (CG, CNG, and CNN). Importantly,
CG, CNG, and CNN de novo methylation is accom-
plished by DRM methyltransferase activity (Cao et al.,
2003; Cao and Jacobsen, 2002). DRM is also responsi-
ble for siRNA-directed DNA methylation (in all se-
quence contexts) in Arabidopsis (Cao et al., 2003). Wehave shown that Pol IV and DRM activities are both
needed for CNN methylation at AtSN1 retroelements,
as are genes of the siRNA pathway. These facts, com-
bined with our demonstration that 5S and AtSN1 siRNAs
are essentially eliminated in Pol IV mutants, are most
parsimonious with the hypothesis that Pol IV is involved
in production of siRNAs that guide DRM-mediated cy-
tosine methylation to repeated sequences complemen-
tary to the siRNAs (Chan et al., 2004). This would ex-
plain why loss of cytosine methylation in Pol IV mutants
is most apparent at CNN (HaeIII in our experiments)
sites, which would be dependent on continuous de novo
Cell
620(methylation due to the lack of a dedicated CNN mainte-
inance methyltransferase (reviewed in Bender [2004]).
oBy contrast, preexisting methylation at CG and CNG
w
sites would be perpetuated by the MET1 and CMT3 t
maintenance methyltransferases, explaining the lesser
effect of Pol IV or drm mutations on HpaII and MspI-sen-
Ssitive 5S gene methylation (Figure 4A).
T
One could argue that DNA methylation is upstream b
of siRNA production, as suggested by the decrease in C
AtSN1 siRNAs in ddm1 and met1 mutants (Lippman et N
lal., 2003). However, this hypothesis does not fit with the
dfact that ddm1 and met1 cause dramatic decreases in
5S gene methylation yet actually increase 5S siRNA
levels, possibly due to derepression of silenced 5S A
Pgenes, thereby increasing the number of transcripts
Afrom which to generate dsRNAs and siRNAs. By con-
ctrast, Pol IV and drm mutations cause only modest de-
vcreases in total methylation yet essentially eliminate
s
5S siRNAs. f
So how can loss of de novo methylation in a drm R
amutant eliminate siRNAs (Figure 4D) if siRNAs are up-
stream of de novo methylation? This apparent paradox
might be explained if initial, primary siRNAs direct de P
novo methylation events that then trigger a massive R
amplification of siRNAs, and more extensive methyla- R
Ntion, by a mechanism requiring Pol IV. Presumably, it is
uthis second wave that yields the high levels of siRNAs
uand methylation that we detect. One possibility is that
b
methylated DNA serves as the template for Pol IV-medi- m
ated transcription of aberrant RNAs. Another possibility 4
is that methylation stalls elongating polymerases, as
suggested by studies in Neurospora (Rountree and
C
Selker, 1997), providing RDR2 with an opportunity to G
make dsRNAs from incomplete transcripts and leading F
to local production of aberrant RNAs or siRNAs that c
pprime Pol IV transcription. Testing such hypotheses will
bbe priorities for future studies.
(Experimental Procedures
t
wPlant Strains
f
Arabidopsis mutants hen1-1, rdr2-1, dcl3-1, and dcl1-7 were pro-
f
vided by Jim Carrington. met1-1 was provided by Eric Richards.
5
cmt3i11 was provided by Judith Bender. sgs2-1 (alias sde1; rdr6)
c
was provided by Herve Vaucheret. Salk T-DNA insertion lines and
G
other mutants were obtained from the Arabidopsis Biological Re-
d
source Center (ABRC).
RNA and Immunoblot Analysis of NRPD2 I
ERNA was isolated as described previously (Chen et al., 1998). RNA
blots were hybridized to a probe generated by random priming of a
athe NRPD2a 5# RACE cDNA product using standard methods (Sam-
brook and Russell, 2001). For immunoblotting, plant tissue was ho- d
omogenized in SDS sample buffer (125 mM Tris-HCl [pH 6.8], 2% SDS,
10% glycerol, and 0.7 M β-mercaptoethanol) and 40 g of protein, s
determined using a BCA (bicinchoninic acid) protein assay kit
(PIERCE), subjected to SDS-PAGE on a 7.5% gel, and electro- p
mblotted to a PVDF membrane. Anti-NRPD2 and anti-NRPB2 anti-
sera were raised in rabbits against peptides DMDIDVKDLEEFEA s
1and MEYNEYEPEEPQYVE of NRPD2a (At3g23780) and A. thaliana
NRPB2 (At4g21710), respectively. Anti-Pol I+II+III rabbit antiserum P
swas raised against peptide GDKFSSRHGQKG, which is conserved
in Pol I, II, and III second-largest subunits. Sera were affinity puri- c
cfied using peptides covalently linked to NHS-activated Sepharose
resin (Pharmacia Biotech). Columns were washed with 3–5 column N
mvolumes of PBS (pH 7.0), 0.05% Tween-20; antibodies were eluted
using 0.1 M glycine-HCl (pH 3.0) neutralized by addition of Tris-HCl dpH 8.0) and stored at −80°C. Antisera were diluted 1:250 for prob-
ng immunoblots. The secondary antibody, diluted 1:5000, was per-
xidase-linked donkey anti-rabbit IgG (Amersham). Immunoblots
ere visualized by chemiluminescence (ECL Western Blotting De-
ection kit; Amersham).
creening of T-DNA Knockout Lines
-DNA insertions in NRPD2a, NRPD2b, and NRPD1a were verified
y PCR and sequencing using a T-DNA left border primer (5#-
GTCCGCAATGTGTTATTAAG-3#) and primers specific for NRPD2a,
RPD2b, or NRPD1a as suggested by the suppliers of the Salk
ines. Screening by Southern blot analysis was according to stan-
ard methods (Sambrook and Russell, 2001).
nion Chromatography and DNA-Dependent RNA
olymerase Assay
rabidopsis plants were grown for 10 days at 25°C in 3 liter flasks
ontaining 1 liter of liquid 1× Gamborg B5 medium, 1× Gamborg
itamins (Sigma), and 2% sucrose shaken at moderate speed. Tis-
ue (200 g) was homogenized, and crude nuclear proteins were
ractionated by DEAE-Sepharose chromatography and tested for
NA polymerase activity as described previously (Saez-Vasquez
nd Pikaard, 1997).
hylogenetic Analyses
NAP subunits were identified by blastp searches using E. coli
POC and RPOB, S. cerevisiae RPB1 and RPB2, and A. thaliana
RPD1a and NRPD2a protein sequences. Sequences were aligned,
sing Clustal X (version 1.81). Conserved sequences were highlighted
sing BOXSHADE. (http://bioweb.pasteur.fr/seqanal/interfaces/
oxshade.html). Phylogenetic analysis was by the neighbor-joining
ethod, with 1000 bootstrap replications, using PAUP (version
.0b10).
ytosine Methylation Assays
enomic DNA (100 ng) was digested with HpaII, MspI, or HaeIII.
ollowing agarose gel electrophoresis, DNA was blotted to un-
harged nylon membranes. Probes were generated by random
riming, and blots were hybridized using standard methods (Sam-
rook and Russell, 2001).
AtSN1 methylation assays used ~100 ng of DNA digested with HaeIII
or undigested for controls). Approximately 5% of digestion reac-
ion DNA was then used for each PCR reaction. PCR conditions
ere 2 min at 94°C, followed by 35 cycles of 94°C for 30 s, 53°C
or 30 s, and 72°C for 30 s. Primer sequences for AtSN1 were the
ollowing: 5#-ACTTAATTAGCACTCAAATTAAACAAAATAAGT-3# and
#-TTTAAACATAAGAAGAAGTTCCTTTTTCATCTAC-3#. The At2g19920
ontrol was amplified using 5#-TCACCCGAACAGTTGGAAGAA
AG-3# and 5#-GTGAGGAACCGGTCCATTATTGCT-3#. PCR pro-
ucts were subjected to agarose gel electrophoresis.
n Situ Hybridization and Immunolocalization
merging leaves of 21-day-old plants were fixed in ethanol:acetic
cid (3:1, v/v). Nuclei were prepared as described (Schwarzacher
nd Mosgoeller, 2000). FISH using biotin-dUTP or digoxygenin-
UTP labeled 180 bp A. thaliana pericentromeric repeat, 5S gene
r 45S rRNA gene intergenic spacer sequence probes was as de-
cribed previously (Pontes et al., 2004).
For immunolocalization experiments, nuclei were fixed in 4%
araformaldehyde. H3dimethylK9 was localized using published
ethods (Houben et al., 1996) with antibody purchased from Up-
tate Biotechnology. For NRPD2, slides were permeabilized with
0% DMSO, 3% NP-40 in PBS, before blocking with 1% BSA in
BS. Primary antibodies were diluted 1:100 in PBS, 1% BSA, and
lides were incubated overnight at 4°C. Secondary antibodies were
onjugated to rhodamine or fluorescein (Sigma). Chromatin was
ounterstained with DAPI in antifade buffer (Vector Laboratories).
uclei were examined using a Nikon Eclipse E600 epifluorescence
icroscope and images collected using a Q-Imaging Retiga EX
igital camera.
Nuclear RNA Polymerase IV
621siRNA and miRNA Detection
RNA was isolated using the mirVana miRNA isolation kit (Ambion).
RNA (2–6 g) was resolved by denaturing polyacrylamide gel elec-
trophoresis on a 20% (w/v) gel. Gels were electroblotted (20 mA/
cm2 for 2 hr) to Magnacharge nylon membranes (0.22 m; Osmon-
ics) using a semidry transfer apparatus. An end-labeled RNA ladder
was used as a molecular weight marker (Decade Marker System,
Ambion). The AtSN1 riboprobe was synthesized from a NdeI-linear-
ized plasmid DNA template (Zilberman et al., 2003). All other ribo-
probes were generated according to the mirVana probe construc-
tion kit (Ambion) using oligonucleotides specific for a given small
RNA and labeling by T7 polymerase transcription in the presence
of α-32P CTP. DNA oligonucleotides for 5S and miRNA probes were
the following: siR1003T7 (5S) (5#-AGACCGTGAGGCCAAACTTGG
CATcctgtctc-3#; small letters are complementary to the T7 pro-
moter oligonucleotide), miR159T7 (5#-TTTGGATTGAAGGGAGCTC
TAcctgtctc-3#), miR163T7 (5#-TTGAAGAGGACTTGGAACTTCGAT
cctgtctc-3#), and miR164T7 (5#-TGGAGAAGCAGGGCACGTGCA
cctgtctc-3#). Unincorporated nucleotides were removed using Per-
forma DTR Gel Filtration Cartridges (Edgebiosystems). Blot hybrid-
ization was in 50% formamide, 0.25 M Na2HPO4 (pH 7.2), 0.25 M
NaCl, 7% SDS at 42°C (14–16 hr) followed by two 15 min washes
at 37°C in 2× SSC, two 15 min washes at 37°C in 2× SSC, 0.1%
SDS, and a 10 min wash in 0.5× SSC, 1% SDS.
Supplemental Data
Supplemental Data include five figures, three tables, Supplemental
Experimental Procedures, and Supplemental References and can be
found with this article online at http://www.cell.com/cgi/content/full/
120/5/613/DC1/.
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Accession Numbers
The GenBank accession number for the NRPD2a mRNA sequence
determined for this paper is AY862891.
Note Added in Proof
In the early online version of the article, the genes NRPD1a,
NRPD1b, NRPD2a, and NRPD2b were named RPD1a, RPD1b,
RPD1a, and RPD2b, respectively. We have changed the names due
to a nomenclature conflict.
